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Abstract

A novel synthesis blend of sodium carboxymethyl cellulose (CMC) with thiobarbituric acid (TBA) [CMC + TBAJ® has been doped
with CuO to study the optical and direct electrical (DC) properties of [CMC + TBA/CuO]“ nanocomposite films. Different charac-
terization techniques for [CMC]™, [TBA]™, [CMC + TBA]® and [CMC + TBA/CuO]° such as Fourier-transform infrared spectros-
copy (FTIR), Ultraviolet-visible spectroscopy (UV-Vis), X-ray diffraction (XRD), Scanning electron microscopy (SEM) and optical
properties have been used. SEM showed a good dispersion of copper oxide nanoparticles [CuOT™"* on [CMC + TBA]® film surface.
The dielectric constant e(w), optical conductivity o(w) and DC properties increased and demonstrated wave-like performance with
increasing [CuO]™"* ratio at hrv range of 0.7 eV — 5.0 eV. Copper content [CuO]™" increases lead to the formation of a wide variety of
3D-semiconductor networks within [CMC + TBA]® film matrix which increase optical conductivity. The optimization was performed
using density functional theory (DFT) by DMol’ and Cambridge Serial Total Energy Package (CASTEP). In Experimental section by
using Tauc’s equation, the results clearly show that the values of optical energy band gap Eg”’ decreases from 2.978 eV for [CMC]™,
2.725 eV for [TBA]™, 2.625 eV for [CMC + TBA]® to 2.488 ¢V for [CMC + TBA/CuO]°. The simulated FTIR, XRD, and optical
properties by Gaussian software and CATSTEP are in great agreement with the experimental study. The [CMC + TBA/CuO] presents
a good candidate for optoelectronics and solar cell applications.

Electronic supplementary material The online version of this article Keywords Copper oxide - Band gap. [CMC + TBA/CuO]“ -

(https://doi.org/10.1007/s10965-020-02235-w) contains supplementary Nanocomposite - Optical and DC properties
material, which is available to authorized users.

Highlights
1- Novel synthesis of [CMC + TBA]® and [CMC + TBA/CuO]¢ Introduction
nanocomposite film.

2- Fabrication of nanostructure thin film of [CMC]™ and [ZnCMC]™ ) . )
powder used spin coating technique of thickness 150 +2 nm. The creation and analysis of various polymer blends has been a

3- Chgracterization of [CuON, [CMC + TBA]® and [CMC + TBA/ significant focus of attention in recent years. Blending two or more
CuO]* nanocomposite film by using Fourier transform.lnfrared polymers helps to increase the polymeric materials efficiency [,
spectroscopy (FT-IR), X-ray diffraction (XRD), thermal analysis (ATG), 21, In contrast with I thei tional i
Scanning Electron Microscopy (SEM), DFT simulation, AFM spectros- . In con i Wwith pure polymers (?r eir COnVF:n onat composites
copy, optical and electrical properties. the mechanical, thermal and optical properties of polymers or
4- The obtained average optical energy gaps for [CMC+TBA]” and  blends with nanosized fillers have significantly improved.
[CMC + TBA/CuO]~ nanocomposite films are 2.79 eV and 2.03 eV, Moreover, the enhancement of the electric and magnetic properties
respectively. . .

of polymeric materials attracts other researchers [3, 4].
Carboxymethyl cellulose (CMC) is a smart water-soluble poly-
electrolyte derivative with excellent recording and thermal gelati-
nization properties [5, 6]. Specific CMCs provide high viscosity,
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to create black and white slides. The hydrophilicity of the com-
posite film industry is an asset for its applications [9]. TBA has
strong dimensional consistency and UV visible light irradiation is
photo stable. It also has a low level of oxygen permeability due to
the great inter-cohesive energy produced by the strongly polar
alcohol (—OH) group (Enol form) [10, 11]. As a medium of re-
moval of pigment, [PVA + Polyethylene (PEO) + CMC]® blends
and (CMC+ TBA)® blend have been used for a broad variety of
applications in medicinal matter and farming [12, 13]. [CMC +
PVAJ® is also flexible semi-transparent and allows for healing
monitoring so that it can be used as clothing replacement [14].
Specific transition metal nanoparticles have shown their effects on
physical and chemical properties CMC blends. Such nanoparticles
are zinc oxide nanoparticles [ZnOJ™"® [15], nanoparticles of zirco-
nium oxide [ZrO,]™"* [16] and nanoparticles of cobalt oxide
[Co304]™ [17]. [Graphene (GO)+ CMC]C alginate composite
with improved strength of tensile which was prepared by Yadva
etal. [18] and Zhan et al. [19]. The blend resistivity decreased after
doping 5% carbon nanotubes (CNT)/ [SiO,]""* hybrid content
from 6 x 10° to 3.4 x 10°> Q. M [20]. It has been shown recently
to enable practical applications in lithium ion battery doping
of'titanium dioxide anatase grade (TiO,) with [PV A+ chitosan
(CN)/lithium perlorate (LiClO4)]® blend, because it facilitates
the transfer of lithium ions in the polymer matrix [21]. Copper
oxide nanoparticle [CuO]™™ is an environmentally friendly
and a significant antiferromagnetic p-type semiconductor
[22]. [CuOT™"™ has been extensively studied as a lithium ion
battery electrode for pseudo-modes, ceramic pigments, and
magnetic materials [23]. [CuO]N"® were prepared via several
methods including the thermal decomposition and sol-gel
techniques [24].

Previous studies have neglected to consider the effects of
adding TBA and [CuO]™™ on the spectroscopic, thermal, and
DC conductivity properties of CMC. In the present study,
[CuO]Ns, [CMC + TBA]® and [CMC + TBA/CuO]° nano-
composite films were fabricated utilizing a free sol-gel pro-
cess and solution casting technique, respectively. In compar-
ison studies between experimental and simulated DFT, the
structural characterization of [CuO]™", [CMC + TBA]® and
[CMC + TBA/CuO]“ were studied using characterization
techniques comprising Fourier transform infrared (FTIR),
thermal analysis (TGA), X-ray diffraction (XRD) and SEM
spectroscopy. The optical properties, optical constants, DFT
and DC properties of the novel fabricated [CMC + TBA]® and
[CMC + TBA/CuO]" nanocomposite films were determined.

Experimental details
Materials and preparation

To synthesize [CuO]N'®, the first solution (0.1 M) was formed

by dissolving 24.16 g of copper (II) nitrate [Cu(NO5),.3H,0,
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MW =241.60, Sigma and Aldrich] in 100 ml deionized water
under a magnetic stirring. The second solution (1.5 M) was
formed by dissolving 18.91 g of oxalic acid [C,H,04.2H,0,
MW =126.07, Sigma and Aldrich] in 100 ml deionized water.
At temperature 50 °C with stirring continued for 2 h, the
oxalic acid solution was added into the Cu(NO3),.3H,O
solution and then leave in mother 10 h at room tempera-
ture (RT). To obtain the gelatinous copper hydroxide
nanoparticles, the mixed solution was stirred at 80 °C
for 30 min. Finally, the obtained [CuO]™"® was calcined
at 500 °C for 2 h in an air furnace.

Three CMC (20%) + TBA (80%) films were formed as
follows: 1.44 g TBA [In our Lab. New Valley University,
Egypt, average MW (average) = 144] was dissolved in 75 ml
ionized water under 85 °C with stirring continued for 2 h till
the complete dissolution of TBA. At 50 °C with stirring con-
tinued for 2 h, 0.5 g Na-CMC [Pharmaceutical Chemicals Co.,
Egypt] was dissolved in 25 ml ionized water, and then mixed
with the TBA solution. The obtained [CMC + TBA]® solu-
tions kept pure, and the other gelatinous solution were doped
with the sol-gel prepared [CuO™"™ at ratios W = 0.3, 0.6, and

0.9% wt. utilizing the equation: W(wz.%) = [WC—”} x 100,

Wh+Wcuo

where wc,o and w,, represent the weights of [CuO]™"* and the
blend of [CMC + TBA]®, respectively. In desiccator at 60 °C
for 24 h, the [CMC + TBA]® solutions cast into cleaned glass
petri dishes. The films were pelleted out of the petri dish and
careful to produce sufficiently [CMC + TBA/CuO]©
nanocomposite films. In order to prevent moisture effect
nanocomposite, the fabricated [CuO]N"®, [CMC + TBA]®
and [CMC + TBA/CuO]“ nanocomposite films is kept in
the desiccator Fig. 1.

Characterization

Characterization methods and typical conditions are listed in
Table 1.

Results and discussions

The preparation of carboxymethyl cellulose (CMC) and thio-
barbituric acid (TBA) blend [CMC + TBA]® and nanocom-
posite of CMC, TBA and CuO nanoparticles [CMC + TBA/
CuO]C€ is described in the experimental section. All these
bland and nanocomposite (ratios W =0.3, 0.6, and 0.9% wt)
are powder-like and partial stable in normal condition. They
are readily soluble in DMF and DMSO by heating. The optical
conductivity measurements of thin films suggest the optoelec-
tronic devices and solar cell nature of the [CMC + TBA]® and
[CMC + TBA/CuOJ°.
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Fig. 1 Schematic mechanism for synthesis of [CMC + TBA/CuO]® nanocomposite film

Fourier transform infrared spectroscopy (FTIR)

Some vibrational spectroscopic data of CMC and TBA com-
pounds have been reported previously in the experimental and
simulation IR spectrum of TBA and CMC, respectively, Fig.
IS, Fig. 2S [25]. In the experimental spectrum (Fig. 2a) for
[CMC + TBA]® and [CMC + TBA/CuO]° thin films, a strong
absorption band was detected at range 2962-3796 cm™ ' which
can be attributed to intra- water molecular vibration (voy) for
all [CMC + TBA]® and [CMC + TBA/CuO]° thin films [26].
Peaks at range 17501550 cm ™' was allocated to C-H bond
stretching and bending vibrations (vcy and dcyy) for [CMC +
TBA]® and [CMC + TBA/CuO] thin films [27]. In con-
trast, the absorption bands appear at 1300 cm ',
1351 cm ' and 1399 cm™ ' is attributed to antisymmetric
(Vco ) for [CMC + TBA]®. Also, the 1302 cm ',
1389 cm ' and 1450 cm™ ' bands are due to antisymmetric
(Veo ) for [CMC + TBA/CuO]C thin films. Moreover, the
bending vibration of the ether (glyosidic) linkage (0 c.o.o-
c) was designated by a strong peak at 1141 cm™' and
1113 cm ™' for both [CMC + TBA]® and [CMC + TBA/
CuO]° thin films, respectively [28]. The [CMC + TBA/
CuO]° thin film spectrum presents besides the in above
bonds a peak that are not found in that of [CMC + TBA]®
thin film, particularly at 526 cm ' and 471 cm™' which
are allocated to CuO — O rocking of [CMC + TBA/
CuO]° thin films. The spectrum of the [CuO]""™® thin
films exhibit additional FTIR strong broad band at near
471 cm™ ' assigned to v(Cu—0) modes [29, 30].

Table 1
films

The results of the TD-DFT simulations are similar to
the experimental absorption and emission data for
[CMC + TBA]® and [CMC + TBA/CuO]¢ demonstrated
in Fig. 2b and c. Numerous spectroscopic analyses of
blends and composites using both solution and solid
matrix absorption and luminescence methods have been
performed [31]. The focus in our comparison will be on
the peak’s intensity and location on wavenumber states
within 0 cm™' < Wavenumber <3750 c¢cm™' of the onset
of absorption or emission. The computed parameters at
the [CMC + TBA]® and [CMC + TBA/CuO] € are also
given for the sake of comparison [32]. In order to com-
pare all methods used, it is preferable to calculate the
mean location of wavenumber with transmittance %.
The mean location of wavenumber for the bending and
stretching vibration of [CMC + TBA]® and [CMC +
TBA/CuO] © in experiential resulted are good agree-
ment with the Gaussian9/DFT/WB97XD calculations
[33]. Finally, it is noticed that, the results from the
experimental method and Gaussian computation of the
IR spectra bands for [CMC + TBA]® and [CMC + TBA/
CuO] € show at the same wavenumber in Fig. 2a-c.

Thermal analysis

The thermogram spectrum (TGA and DrTGA), illustrated
in Fig. 3, shows that the major loss of weight starts at
32.11 °C for [CMC + TBA]® and [CMC + TBA/CuO]°.
Weight loss in the first stage starts at 56.88 °C, this step

Characterization methods, model and specifications for the fabricated [CuOTN'®, [CMC + TBA]® and [CMC + TBA/CuO]“ nanocomposite

Characterization method ~ Model used and specifications

FT-IR Perkin-Elmer FT-IR type 1650 spectrophotometer (wavelength range 4000-200 cm ).
TGA Perkin Elmer Thermogravimetric Analyzer TGA 4000 was employed. Temperature range 50-995 °C and heating rate is
10 °C/min in nitrogen atmosphere.
XRD Philips X-ray diffractometer (model X’pert) with mono-chromatic Cu K« radiation operated at 40 kV and 25 mA.
SEM Scanning electron microscopy (SEM; Inspect S, FEI, Holland), operated at an accelerating voltage of 3.0 kV
Film thickness and rate Model FTM4. Edwards, England (150 +2 nm)
monitor
uv SHIMADZU UV-3101 UV-Vis-NIR pc.

@ Springer
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Fig.2 a FTIR spectrum of CuON™s, [CMC + TBAT® and [CMC) + TBA/CuO]%; b IR spectrum of [CMC + TBA]® by using DFT simulation and ¢) IR
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is attributed to the loss of hydrated water [34]. The second
stage at 136.78 °C is due to the loss of 2NO, and O,
fragments. The third loss of weight stage (254.77 °C) is
attributed to sodium 2-(((2S, 3S, 4R, 58S, 6S5)-3,4,5,6-
tetrahydroxytetrahydro-2H-pyran-2-yl) methoxy) acetate
existing in the matrix of molecule. This compound un-
dergoes two steps of decomposition with weight loss of
62.94%. Finally, the thermographic TGA and DrTGA for
[CMC + TBA/CuO]“ appeared peak at 543.69 °C not ap-
peared in [CMC + TBA]®. Thus, the last one of [CMC +
TBA/CuO] is due to loss of TBA and CMC fragments
which attached with [CuO]™"® [35].

XRD

The XRD is used to detect atomic structural properties such as
grain strain length structure of phases, desired orientation,
order disorder change, thermal production and the multilayer
thickness. An XRD study results in a diffractogram displaying
the frequency of diffractive angles (20) [36]. Several specific
signals in 4° <260 <80° domain were illustrated describing
high crystallinity and good shape in the sample (Fig. 4a). In
the [CMC + TBA]® thin film, the main peak located at 20 =
25.81°, which due to (101) reflection. The d-spacing deter-
mined by XRD was 3.449 A. The polymeric structures are
also shown by the different signals and location of the Bragg
peaks (20) [37]. In this pattern the [CuO]N"® and [CMC +
TBA/CuO]° exhibit the most dignitaries signals at 031, 222,
231, 042,224, 213,062 and 004 corresponding to the crystal-
line nature of [CuO™™ film. [CuO]™"® and [CMC + TBA/
CuO]°“ diffraction from Bragg shows that the thin of nanopar-
ticles and composite have a crystalline morphology with a
triclinic system [38].

The chemical structure matrix of [CMC + TBA/CuO]¢
contained pyran ring (CMC molecule) as quinoid ring and
pyrimidine ring (TBA molecule) as benzenoid ring. Thus,
the [CMC + TBA/CuO]° crystallinity is attributed to the clas-
sification of quinoid and benzenoid rings inside [CMC +
TBA] B chains. The peaks corresponding to hkl = 222 and2
31 computed the distances of Van Der Waals between layers
of phenylene rings across CMC polymer chains [39]. The
[CuON* and [CMC + TBA/CuO]“ parameters of lattice are
a71.42(3) A, b=9.08(2) A, and ¢ = 6.68(1) A, while «=
89.0(2), p=112.8(2) and 'y =91.5(3)°. The average distance
between the d-spacing atomic layers is 1.78 A. The average
crystallite size of [CuO]N"® and [CMC + TBA/CuO]® are
D,,=25.479 nm and D,,=28.09 nm provided by the
Table 2, respectively. At full width half-maximum intensity
(FWHM), the [CuO]™™ and [CMC + TBA/CuO]° crystalline
size (D) of all peaks was measured at 4 <20 <80°. The d-
spacing of the highest crystalline signal is determined using
Bragg’s equation by Debye — Scherrer [40].

The diffraction line demonstrations that the values of
the maximums conform with the values defined by
Crystal Sleuth Software and material studio software
[41]. The XRD structure matrix of the fabricated
[CuO]™Ps, [CMC + TBA]® and [CMC + TBA/CuO]° thin
film referring to measurement, computed and crystal de-
vice variance, miller index (Ak/), d-spacing (d), FWHM
and peak strength as shown in Table 2. When comparing
the results obtained from the measurement by SEM and
XRD for crystallite size (D) of fabricated [CuO]N*s,
[CMC + TBA]® and [CMC + TBA/CuO]“ nanocomposite
films, it has been found that the (D) produced by SEM is
higher than that of the XRD as the figures depend on the
surface of the morphology and are available in the aggre-
gated particles. The XRD used methods to identify

@ Springer
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to check conformity with the simulation DFT spectrum.

The resulted CASTEP program in DFT calculations meth-  In the novel fabricated [CMC + TBA/CuO]“ nanocomposite
odology of [CMC + TBA/CuO]° used structural proper- films, the distribution of [CuO]™"* is shown in the Fig. 5. The
ties of the simulation as ground state, as shown in Fig. 4b.  surfaces of pure [CMC + TBA]® blend appeared smooth in

Table2 XRD data of [CuO]""® and [CMC + TBA/CuO]S; crystal data, hkI, FWHM, d-spacing and D as 20 function

Samples 20 () hkl FWHM dA) D (nm) PI® FWHM D (nm) pI®
[CuOT™™ and [CMC + TBA/CuO]¢ 32.475 031 0.3612 2.720 23.94 266 0.554 15.61 130
35.599 222 0.2970 2491 29.36 1453 0.3870 22.54 310
TRICLINIC [42] 38.897 231 0.2977 2289 29.58 1476 0.3468 25.39 445
46.286 202 0.8682 1.943 10.40 96 - - -
Cell parameters 49.189 042 0.2906 1.836 31.43 624 0.1881 48.55 515
a=742(3),b=9.08(2); c=6.68(1) A 53.691 033 1.8549 1.693 5.02 119 - - -
x=89.002)° y=91.5(3)°% p = 112.8(2)° 58.127 224 0.2865 1.575 33.16 665 0.3271 29.04 235
rmse =0.001567 V =410(2) 61.641 213 0.3049 1.494 31.71 869 0.3543 27.29 461
66.107 253 1.3624 1.404 7.27 273 - - -
68.420 062 0.2777 1.363 36.16 619 0.3540 28.36 306
72.482 402 0.3324 1.296 30.97 168 - - -
75.588 004 0.2859 1.257 36.75 289 0.3760 27.95 310
Average values 1.780 25.479 28.09

PI®: [CuON™ and PI® : [CMC + TBA/CuO]®

@ Springer
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Fig. 5 SEM for (a) pure [CMC + TBAJ® blend (b) 0.3 wt.% (c) 0.6 wt.% and (d) 0.9 wt.% CuO doped [CMC + TBA/CuO]C thin films

Fig. 5a. Fig 5b—d demonstrate the uniform distribution of the
[CuOINs. When [CuOJ™™ is loaded into the CMC + TBA]®
blend matrix, small holes were produced. The improvement in
conductivity by increasing [CuO]™"* content can be related by
physical contact of [CuO™"* in the polymer matrix to the
formation of linked networks [43]. These networks cannot
be continuous with low [CuO]N"™® content. The connected net-
work density increases with increasing [CuO]™"® content and
subsequently the conductivity increases. [CuO]™"® on the oth-
er hand, is a semiconductor (as shown in Fig. 6) which may
cause the creation of energy levels within the E, of the fabri-
cated [CMC + TBA] ® blend while combining [CuO]™" with
[CMC + TBA] B. Such new levels of energy serve as traps for
charge carriers passing between them, leading to enhance con-
ductivity [44, 45].

Molecular electrostatic potential (MEP), electron
density (ED) and potential (P)

The chemical and physical similarities of [CMC + TBA]® and
[CMC + TBA/CuO]“ have been investigated by utilizing the
electron density and the electrostatic potential. The use of
electron density as the essential factor to define the ground
state of a many electron system is further discussed for
[CMC + TBAJ® and [CMC + TBA/CuO]°, respectively. The
MEP has been used to describe the electrostatic potential

depending on the constant electron density surface. The active
location of MEP is displayed by a 3D illustration in Fig. 6a
and d for [CMC + TBA]® and [CMC + TBA/CuO]°, respec-
tively. The blue color constitutes the propitious zone for the
nucleophilic attack, while the propitious zone for electrophilic
attacks is constituted by a red color. The potential range [P] of
the matrix [CMC + TBA]® and [CMC + TBA/CuO] in the
isolated molecule and crystal models are —7.120 x

102>[P]>7.120 x 10 2 and — 7.634 x 10 2> [P] >7.634 x

1072, respectively, while the increase follows the order: red
< brown < blue [46]. The blue color is the largest attraction,
whereas the red color is a powerful repudiation. The dia-
gram of the MEP reveals that nitrogen electronegative
atoms reflect the regions of negative potential and hydro-
gen atoms have a positive potential [47]. The potential
possible diagrams (Fig. 6b and e), the potential growth
of [CMC + TBA]® is shown to be lower than that of
[CMC + TBA/CuO]°. This indicates an increased proba-
bility of electron transition in [CMC + TBA/CuO]°.

AFM of [CMC + TBA/CuO]° thin film

The AFM images of the novel fabricated [CMC + TBA/
CuO]° thin film are demonstrated in Fig. 7a-c. The
surface morphology of a [CMC + TBA/CuO]“ thin film
shows clearly the nature of the film structure from the

@ Springer
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Fig. 6 a MEP of [CMC + TBAJ®; b Electron density of [CMC + TBAJ®; ¢ Potential of [CMC + TBA]®; d MEP of [CMC + TBA/CuO]C; e Electron
density of [CMC + TBA/CuO]€ and f) Potential of [CMC + TBA/CuO] by using DFT calculation in material studio and Gaussian software programs

3-dimensional AFM images. The [CuO]""™ is dispersed TBA/CuO]€ thin film consists of luminous [CuO]"'®
well on the surface of the [CMC + TBA/CuO]€ thin film  allocated over all the scanned area. These luminous
in the Fig. 7a. The surface of the fabricated [CMC + [CuON™® structure transformed into randomly directed
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Fig. 7 AFM measurements (200 nm x 200 nm) 3D images for [CuO/(TBA + CMC)]™" blend surface

nanoparticles. In the novel fabricated [CMC + TBA/
CuO]®, the roughness of the surface is described by
measuring the parameters of roughness which are mea-
sured by analyzing the scans of the nanocomposite film
surface. The roughness parameters were defined by
using AFM to evaluate the Fig. 7b-c. These parameters
are including root mean square roughness (R,,=

1.0168 nm), average roughness (R, =0.8025 nm), max-
imum peak height (R,=7.1999 nm), the average height
(d,,=1.87 nm), surface skewness (Ssk=0.8596 nm),
and surface kurtosis (Si,=4.3056 nm). In addition, it
was found that the average crystallite size (D,,) is =
52+3 nm [48]. The surface crystallite growth and ag-
gregation of smaller grains may be directly responsible
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program for the CMC, TBA, [CMC + TBA]® and [CMC + TBA/CuO]C as single crystal

for the highest roughness estimated value [49]. The av-
erage AFM-computed crystallite size (D,,) is greater
than XRD computer software and simulated CASTEP
program in DFT calculations. This indicates that more
than one crystallite may be from the computed AFM
parameters with a grain or particle size. This proposes
that more than one crystallite can be produced from
measured AFM parameters that provide the grain or
particle size. While, the XRD crystallite parameters de-
pend on XRD refraction and reflection.

Optical properties of [CMC + TBAI® and [CMC +
TBA/CuO]° thin film

Figure 8a show the absorption spectra of [CMC]'*, [TBA]™,
[CMC + TBA]® and [CMC + TBA/CuO]° thin film, mea-
sured over the wavelength (A) 200<A<1500 nm. For
[CMC]™, [TBA]™, [CMC + TBA]® and [CMC + TBA/
CuO]° thin film, two absorption peaks at 281 and 362 nm,
one absorption peak at 416 nm, one absorption peak at
416 nm, 413 nm and two absorption peaks at 446 and
543 nm are attributed to 7t — 7t* electronic transition, respec-
tively. Moreover, the values of absorption peaks at about 281
<A <543 nm are due to transition of electrons from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital LUMO, which is related to 7t — 7t* electron-
ic transition for [CMC]™, [TBA]™", [CMC + TBA]® and
[CMC + TBA/CuO]" nanocomposite films [50].

Figure 8b shows the ratio of absorption Fig. 8b versus the
wavelength (A) (x-axis) of the CMC, TBA, [CMC + TBAJ®
and [CMC + TBA/CuO]° as single crystal within a range of
200-700 nm using the CASTEP program in DFT
calculations. While, the simulation curve of optical

@ Springer

characterization of CMC, TBA, [CMC + TBA]B and
[CMC + TBA/CuO]°", there are good agreements with exper-
imental method (Fig. 8a) in curve behavior but different in the
peaks potion and intensity due to the theoretical study of this
compounds in single crystal and gaseous states [51].

The electronic excitation from the valence band to the con-
duction band induces the absorption along the fundamental
absorption edges. Spectral absorption analyzes near the funda-
mental absorption edges are commonly unitized to deduce the
optical band gap value Eg‘” . The optical transitions occur by
direct or indirect transitions in semiconductor materials [52].
Optical band gap Egp’ and transition band gap (E’gm"s ) values
can be obtained by using the Tauc’s equation from the optical
transition spectrum (ahv)” = B(hv— E,), where hv represent
the incident photons energy and m=2 for direct and 0.5 for
indirect transitions allowed.

The transitions between the valence and the conduction
bands are direct transitions for [CMC]™, [TBA]™, [CMC +
TBA]® and [CMC + TBA/CuO]° thin film. The value of the
optical gap energy Eg”’ is obtained by extrapolating the right
part of the plot (achrv)? as a function of (hrv) to the energy axis
at « = 0. Figure 9¢ shows the plot of (xhv)*x 10° (eVm ')?
versus photon energy hv (eV) [53]. The optical band gap Eg’”
is defined as the lower energy value and assigned to Frankel-
exciton generation, or a bound electron—hole pair. EgOP’ is the
energy gap with higher energy value (Also called transport
gap energy) and it refers to the difference in energy value
between LUMO and HOMO [54]. In Experimental section
by using Tauc’s equation, the results clearly show that the
values of optical energy band gap Eg”’ decreases from
2.978 eV for [CMC]™, 2.725 eV for [TBA]™, 2.625 eV for
[CMC + TBAJ to 2.488 eV for [CMC + TBA/CuO]°. The
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Table 3  Calculated Ey, Ej, i, X, 0, S, 1, w and AN, for [CMC], [TBA], [CMC + TBA]B and [CMC + TBA/CuO]C as single crystal

Compound En Ep (Ex- x (eV) w(eV) n (eV) S (eV) w (eV) DNpnax (eVl)
Ep)

[CMC] —5.318 -2.577 -2.741 3.9475 —3.948 1.3705 0.3648 5.6851 2.8803 0.7297

[TBA] —5.844 —3.173 -2.671 4.5085 —4.509 1.3355 0.3744 7.6101 3.3759 0.7488

[CMC + TBA]® -5.199 -2.61 -2.589 3.9045 -3.905 1.2945 0.3862 5.8884 3.0162 0.7725

[CMC + TBA/CuO]¢ —5.498 -3.299 -2.199 4.3985 —4.399 1.0995 0.4548 8.7980 4.0005 0.9095

@ Springer



264 Page 120f18

J Polym Res (2020) 27: 264

1.9
_rI'BA]TF
3.03,1.83
18 E (3) - 17(3 ) (4.4321.79) = [CMC]™"
: (277.1.78) —— [CMC+TBAT®
—— [CMC+TBA/CuO]°

1.7

1.6

1.5

Refractive index, n

1.4

13

1.2

1.0 1.5 20 25 3.0 35 40 45 50 55 60 65 7.0
Photon energy (hv) (eV)

8F (3.03,0.0777) .
(b) (2.77,0.0742) — [Z;»‘::] i
TF [ 1 )
— [CMC+TBA]

St —— [CMC+TBA/CuO]°
2’ 3.40, 0.0559) [ uQ]
* 5
X
)
k-]
£ 4F
c
L
8%
<]
8 2F
<

1

0 P T T R —
10 1.5 2.0 25 3.0 35 40 45 50 55 60 65 7.0
Photon energy (hv) (eV)

Fig. 10 a The spectral dependence of the refractive index n()\) with A nm. b The absorption index k() with A nm for [CMC]™", [TBA]™, [CMC +

TBAT® and [CMC + TBA/CuO]° as—deposited thin film

various between the Eg”’ of [CMC + TBA]P to [CMC + TBA/

CuO]€ is 0.137 eV. This means that CuO metal introduces
energy levels within the band gap which contributes to de-
crease the value of energy gap. In simulation section using
DFT by DMol®, the EZ' values for [CMC], [TBA],
[CMC + TBA]® and [CMC + TBA/CuO]° are 2.741 eV;
2.671;2.589 and 2.199 eV, respectively [55]. It is also impor-
tant to note that, the simulation of HOMO and LUMO illus-
trated in Fig. 9a-d present an overall similarity for the values
of energy gap computed by Tauc’s equation with a minor shift
in values.

The Frontier molecular orbitals (FMO’s) utilizing the gener-
alized gradient approximation GGA/PW91lmethod are recorded
in Table 1. Figure 9a-d reveals the 3D HOMO and LUMO plots
for [CMC], [TBA], [CMC + TBAJ® and [CMC + TBA/CuO]*
as- single crystal indicating the localization of EHOMO-
EHOMO =2.741 eV on the [CMC] and the energy [TBA] value
is ELUMO-ELUMO =—2.671 eV). For [CMC + TBA]® and

1.0
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[CMC + TBA/CuO]<, FMO’s plots shows the localization of
HOMO (—5.199 and —5.498 eV) on phenyl rings and that of
LUMO (—2.610 and —3.299 eV) are spreading over the coordi-
nated thiobarbituric acid and [CuO]™"*, respectively. The energy
gap AE=2.199 eV of [CMC + TBA/CuO]“ nanocomposite is
lower than that AE =2.589 eV of [CMC + TBA]® bland which
in turn shows that the present composites. These nanocomposite
thin films are classified as suitable source for solar radiation
processing in implementations for solar cells [56]. The electro-
negativity (x) of [CMC + TBAJ® (3.905 eV) acts as Lewis base
while in case of [CMC + TBA/CuO]“ (4.3985 eV) is extremely
low value indicating a Lewis acid behavior. Table 3 provides
data on chemical potential (p), global hardness (), global
softness’s (o), global electrophilicity index (w), maximum elec-
tronic loading (DN,,,.,) and softness (o) for calculating load
transmission resistance and electron receivability in a molecule.
It is clearly seen that [CMC + TBA/CuO]“ with S =0.4548 ¢V,
W =8.7980 ¢V, DN, ,.x =4.005 and =0.56 eV ! value will be
high soft than the [CMC], [TBA], [CMC + TBA]® [57].
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Fig. 12 a-b Experimental €, and €, via hrv for [CMC]™, [TBA]™, [CMC + TBA]® and [CMC + TBA/CuO]¢

Polymers and inorganic compound are indeed very valuable
for the development of nanomaterials and other equipment as
solar cells. The absorption index k(M) and refractive index n(\)
values, which included both absorption and refraction based on
interference between the material examined and the light-inci-
dent. n(A) has a phase velocity correlation with the dispersion,
while k() is linked to a mass reduction coefficient and permits
the computation of the electromagnetic wave dissipation rate in
medium. The spectroscopic reflectometry measurement of
transmission and reflectance permits the n(A) and k(A) versus
photon energy (hv) to be defined. The spectral properties of
n(A\) and k() versus (hv) values for [CMC]', [TBA]™,
[CMC + TBA]® and [CMC + TBA/CuO]¢ as—deposited thin
film over a range 0.8-7 eV of (hv) are given in Fig. 10a.
Equation 1 is used to provide n(A) and k(A) values [58].

k(A = &’\/M and n(\) =[1+R/1-R]

+ [41%11?)2] —i?
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For [CMC]™, [TBA]™, [CMC + TBAJ® and [CMC + TBA/
CuO]° as—deposited thin film in experimental section, n(\) be-
havior showed the maximum peaks values at 1.79, 1.58, 1.83
and 1.78, respectively. Also, the peaks were also observed with
k(A), with maximum values at 0.0559, 0.0282, 0.0777 and
0.0742 with a sudden fall at 4.5 eV, respectively. These peaks
were linked to the 7t — 7t* benzenoid rings transition.

DFT calculation of [CMC], [TBA], [CMC + TBA]® and
[CMC + TBA/CuO]" as— single crystal was utilized to predict
n(A) and k(M) values (Fig. 11a-b). It is also important to note
that the simulation curve illustrated in Fig. 11a-b present an
overall similarity for n(A) and k(A) with a minor shift towards
the highest energies with lower peak intensities.

The optical conductivity (o) and dielectric constants (¢) are
the key elements for optical connections. The real dielectric
constant (¢;) and imaginary (¢,) parts are computed as fol-
lows: €1 = €rea == kK2, €5 = €img = 2nk and w = 27tf where w
and f characterize the angular frequency and the applied fre-
quency, respectively. ¢; denote the material’s ability to
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Fig. 13 a-b simulated €, and €, via hrv for [CMC], [TBA], [CMC + TBA]® and [CMC + TBA/CuO]°
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store electrical energy or to allow the electric field through it
while ¢, is the material’s loss and shows the material’s ohm-
ic resistance [59]. In experimental section (Fig. 12a-b), il-
lustrate e; (w) and &, (w) vs hv behavior for [CMC]™F,
[TBA]™, [CMC + TBA]® and [CMC + TBA/CuO]€ as—
deposited thin film. The maximum real part €; (w) of
[CMC]™F, [TBA]™, [CMC + TBA]® and [CMC + TBA/
CuO]C as—deposited thin film values are 3.23, 2.50, 3.32
and 2.77 athv =4.43,3.00, 3.32 and 2.77 eV, respectively.
The imaginary part £, (w) displays the same behavior of ¢

(w) for [CMC]™, [TBA]™, [CMC + TBA]® and [CMC +

TBA/CuO]° as—deposited thin film values are 0.198, 0.089,
0.283 and 0.285 at hv =3.40, 3.00, 3.03 and 2.77 eV, re-
spectively. These results show that, the real part €; (w) of
[CMC]™F, [TBA]™, [CMC + TBA]® and [CMC + TBA/
CuO]* as—deposited thin film are higher energy storage ef-
ficiency for the imaginary part &, (w).

Figure 13(a—b) The spectral dependence of dielectric com-
ponent versus photon energy (hv) for [CMC], [TBA],
[CMC + TBA]® and [CMC + TBA/CuO]° as-single by using
DFT simulation. The simulation and experimental behavior of
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Fig. 14 a-b Experimental o, and o via hrv for [CMC]'F, [TBA]™, [CMC + TBA]® and [CMC + TBA/CuO]°

dielectric constants is similar in behavior with different inten-
sity of peaks and the photon energies (h v) values

The optical conductivity o (w) defines the optical response
of the material as defined by the following expression.
[60]: 0 (w)=01(w)+1 0(w) . The optical conductivity
o (w) is constituted by o; and o, which are the real and the
imaginary parts, respectively. (o) and (0;) are computed by
the following equations: [61]: o;(w)=wesey
and o,(w )=we gy, where w is the angular frequency, ¢,
permittivity of free space. Figure 14a-b show optical conduc-
tivity variation of [CMC]™, [TBA]™, [CMC + TBA]® and
[CMC + TBA/CuO]€ vs hv and simulation using DFT of
[CMC], [TBA], [CMC + TBA]® and [CMC + TBA/CuO]“
(Fig. 15a-b). Compared to the experimental curve, the simu-
lated curve for each compound clearly demonstrate good com-
pliance. Both real part (o) and the imaginary part (o,) corre-
sponding to [CMC]'", [TBA]™F, [CMC + TBA]® and
[CMC + TBA/CuO]° increased with photon energy increases
until arrived 3.80 eV. The behavior of optical conductivity can
be assigned to the electron’s excitation. The real conductivity
(0y) for [CMC]™, [TBA]™, [CMC + TBA]® and [CMC +

g
o
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TBA/CuO]¢ have one distinct signals of (37.17 Q' m™' at
443 eV), (35.50 @ ' m ! at 3.00 eV), 35.58 2 ' m ! at
3.03 eV) and (37.16 Q' m ! at 2.77 eV), respectively. The
optical conductivity increases of [CMC]'F, [TBA]™,
[CMC + TBA]® and [CMC + TBA/CuO]“ which is possibly
attributed to the coefficient of high absorbance related to
charge ordering effect. The optical conductivity and absorp-
tion coefficient are linked by the following equation
[62]: 0= anc/47t Considering that c is the light speed, o is

Electrical properties (direct current (DC) conductivity)
of [CMC + TBAJ® and [CMC + TBA/CuO]° thin film

Conductivity study is one of the most interesting instru-
ments to characterize [CMC + TBA]® and [CMC + TBA/
CuO]® as-deposited thin films. The 4-probe van der
P..w methodology was used for calculating DC conduc-

the refractive index and n the coefficient of absorption. The
real conductivity (0,) for [CMC]™, [TBA]™, [CMC +
TBA]® and [CMC + TBA/CuO]¢ have one distinct sig-
nals of (78.82 Q' m™" at 3.39 eV), (100.09 Q' m™" at
3.00 eV), (100 @' m™" at 3.03 eV) and (100 Q' m™'
at 2.77 eV), respectively.

Figure 15 a-b The spectral dependence of optical con-
ductivity o (w) versus photon energy (hv) for [CMC],
[TBA], [CMC +TBA]® and [CMC + TBA/CuO]¢ as-
single by using DFT simulation. The simulation and
experimental behavior of optical conductivity o (w) is

similar in behavior with different intensity of peaks and
the photon energies (h v) values.

Table 4 The activation energy of

tivities. Electric conductivity of the [CMC + TBA]® and
[CMC + TBA/CuO]¢ as-deposited thin films at room

temperature was found to be 3.56 x 1072 Q cm)f1 and
8.05x 1072 (Q cm) ', respectively. The conductivity of
the [CMC +TBA]® and [CMC + TBA/CuO]® as-
deposited thin films increases with increasing of the
temperature attributed to the rise of charge transfer ef-
ficacy [63]. In addition, the curling of the blend and
composites thin films chain attribute to thermal transfer
has been proposed. This phenomenon increases the con-
jugation within the [CMC + TBA]® and [CMC + TBA/
CuO]“ backbone and enhances its electric conductivity
[64]. The electrical conductivity of the [CMC + TBA]®

and [CMC + TBA/CuO] as-deposited thin films ranged
from 298 K to 400 K.

[CMC + TBA]® and [CMC + Compound AE by DFT (eV)  AE by Tauc equation (V)  AE by DC (eV)  Refs
TBA/CuO]®
[CMC] - - 2.76 [67]
[CMC/TiO, (1%)] - - 2.68 [67]
[SiC/SiO, + CMC] 6.415 [68]
[CMC + TBAJ® 2.589 2.629 2.79 Present work
[CMC + TBA/CuO]¢  2.199 2.488 2.03 Present work
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The plot In(p) versus 1/T for [CMC + TBA]® and
[CMC + TBA/CuO]€ as shown in the Fig. 16(a—b).
Constructed on the relationship between plot In(p) ver-
sus 1/T, the E, computed from the following equation
[65]:

p = poexp" /KT

where py a constant, K is the Boltzmann constant, T is
the temperature in Kelvin and E, is activation energy.
The resistivity and the conductivity of [CMC + TBA]®
and [CMC + TBA/CuO]° strongly depend on the
temperature.

It is detected that in the temperature ranges consid-
ered [(399-423 K (region I) and (399-381 K (region
I)], the [CMC + TBA]® as-deposited thin films exhibits
two activation energies are E,; =2.279 eV for the region
I and E,»=0.947 eV for the region II. While, the
[CMC + TBA/CuO]€ as-deposited thin films exhibits
two activation energies are E;; =2.03 eV for the region
I and E,;;=0.939 eV for the region II. The first activa-
tion energy (E,;) is generated at a high temperature, the
[CMC + TBA]® and [CMC + TBA/CuO]€ thin films
electrical conductivity is caused by thermal excitation
of charge transfers from grain boundaries to neutral
areas [66]. The second energy activation (E,,) is signif-
icantly smaller than (E,;) for the region of the lower
temperature. The dimension of conductivity may also
have been caused by transport (hopping) of the carriers
to localized countries in the region near the [CMC +
TBA]® and [CMC +TBA/CuO]° thin film conductivity
band. Activation energy computed by the optical char-
acteristics at high temperature region (E,;).

Table 4 illustrates a significant difference between the
activation energy values published in this study for
[CMC + TBA]® and [CMC + TBA/CuO]¢ and that re-
ported previously in literature. It can be attributed to
the various materials used in each study and the forma-
tion of a crystalline or amorphous CMC nanocomposite.
The activation energy determined by this study is sig-
nificantly smaller than those published previously show-
ing that the [TBA] and [CuO]™"* blends are more sus-
ceptible to oxidation in air compared to [TiO,]""*. This
can be attributed to the fabrication of a smooth and
dense [CMC + TBA / CuO]“ nanocomposite film and
it was confirmed by AFM study.

Conclusion

[CMC]™F, [TBA]™F, [CMC + TBA]® and [CMC + TBA/
CuO]€ as—deposited thin films are fabricated with significant

@ Springer

structural characteristics, optical dispersion and dielectric
properties. Studies in XRD revealed that the same crystal
structure was observed for [CuO]N"® and [CMC + TBA/
CuO]¢ (Triclinic) with space group (P1 ). In addition,
[CuON™ grain size (D size =25.479 nm) was found to be
smaller than [CMC + TBA/CuO]€ (D size =28.09 nm). The
EgOP’ values obtained from Tauc’s equation are 2.978 eV,
2.725 eV, 2.625 eV and 2.488 ¢V for [CMC]™F, [TBA]™,
[CMC + TBA]® and [CMC + TBA/CuO]“ as—deposited thin
films, respectively. While the Eg’” computed by DFT
(DMol®) are 2.741 eV, 2.671 eV, 2.589 ¢V and 2.199 eV for
[CMC]™F, [TBA]™, [CMC + TBA]® and [CMC + TBA/
CuO] as—deposited thin films, respectively. There is a good
agreement between them in accordance with the Egp’ values
determined by DFT (DMol’) computations with the Tauc’s
equation. The refractive index n, absorption index (k) and
optical conductivity were enhanced with increased photon
energy. The simulated FTIR (Gaussian DFT), XRD (precited
PMP), and optical properties (CATSTEP) of [CMC + TBA]®
and [CMC + TBA/CuO]€ in isolated and gas state are in great
compliance for both [CMC + TBA]® and [CMC + TBA/
CuO]° as—deposited thin films experimental analyses. The
optical constants, refractive indicator (n), absorption index
(k) and optical conductivity increase with increased photon
energies (hv).For increased photon energy the optical con-
stants; refractive index n, absorption index k, and optical con-
ductivity are increasing. The results of the optical characteristics
confirm a [CMC + TBA/CuO]“ as—deposited thin films con-
structed heterojunction can be utilized as a solar cell and transis-
tors and these properties are improved by formation of nanocom-
posite. The electrical conductivities of the both [CMC + TBAT®
and [CMC + TBA/CuO]" as—deposited thin films were found to
be 3.56 x 102 (2 cm) ' and 8.05 x 10 2 (2 cm) ' at room tem-
perature, respectively. Based on the optical conductivity, dielec-
tric constants, particle size, AFM studies, activation energy by
DC (E.;), DFT calculation (E;;— E;) and band gap (Eg‘” ) of
[CMC + TBA]® and [CMC + TBA/CuO]“ nanocomposite films
can be used as optoelectronic device.
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